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The primary research field of Fraunhofer-lnstitut Angewandte Festkorperphysik (IAF)(Applied Solid-State 
Physics) in Freiburg, Germany, is III-V electronics, with a focus on high-speed/high-frequency devices and 
integrated circuits for various applications in commercial and military systems. William Haydl, head of the 
MMIC group, reports on IAF’s latest developments. 
e T millimetre wave frequency spectrum between 30 and 3OOGHzisfindinggrowing 
uses in a variety of applicationsThe 
atmospheric absorption of millime- 
tm waves, with its characteristic 
minima around 35 and 94 GHz, has 
promoted a great detal of research 
and development at these frequen- 
cies. Attractive system properties, 
such as smaller wavelength and thus 
higher resolution and smaller anten- 
na size, have driven the research ac- 
tivities at 94 GHzActive and passive 
milkmetm wave systems am re- 
quired for object detection, terrain 
imaging, communication, data tram+ 
mission, level sensors, and a number 
of applications where infrared (IR) 
systems are inadequate, such as in 
fog, smog and smoke. 
Millimetre wave 
devices 
A fundamental prerequisite for the 
successful development of millime- 
txe wave circuits am high perfor- 
mance optimized devices, capable of 
operation in the 0.1-l THz range. A 
device, which is applicable in many 
circuits, is the heterojunction field ef- 
fect tmnsistor (HFIZ), also referred 
to as a high electron mobility tmnsis 
tor @EMT) or modulation doped 
field effect transistor (MODPEI’J 
l?votypesofHEMTdevicesamused 
in our circuits, the single gate com- 
mon source HEMT and the dual gate 
cascade HEMT. The cascode HEMT 
is in essence a common source 
HEMT and a common gate HINT, re- 
alized as a very compact single unit, 
asillustmtedinFigum1. 
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Figure 1. Single gate common source FET 
(top) and dual gate caswde FET (bottom). 
Passive millimetre 
wave circuits 
Our circuits use the coplanar 
wave guide (CPW) as the transmis- 
sion medium, because it results in 
a truly planar circuit, without the 
high cost backside and via hole 
processing required for the com- 
mon microstrip (MS) line. Since 
the complex CPW elements, such 
as air bridges, T-junctions, probing 
pads and air lines, are extremely 
difficult to analyse with present- 
day electromagnetic (PM) sim- 
ulators, we are pursuing an experi- 
mental approach to develop pre- 
cise models for these elements. 
One such example is illustrated in 
Figure 2 for an air bridge across a 
CPW. 
Hybrids, such as branch-line, 
rat-race or Lange couplers, are im- 
portant circuit elements in mixers 
and power amplifiers. Coplanar 
branch-line and Lange couplers, 
illustrated in Figure ,3, have been 
Figure 2. A test structure of air bridges 
across a coplanar line. 
theomkally and experimentally in- 
vestigated for 94 GHz circuit applica- 
tions at IAP The Lange coupler, 
consisting of intenligitated striplines 
with alternate lines tied together, has 
the advantage of compactness and 
large bandwidth. Coplanar rat-race 
couplers have been developed for 
mixer applications. 
Figure 3. Branch line coupler (top) and 
Lange coupler (bottom). 
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Inordertoutilizehighpetlbr- 
mance miIlimette wave MMICs, it is 
necesmry to develop padrag@ and 
won technologies. At 
~GHzmostsystemsarewaveguide 
based.PuNemiumxtmwavesys 
tems will use multi chip modules 
@K&Is) whem high petlbrmance 
MMICs, optimized for low cost, w-ill 
beplacedonsuitableskstm&sin 
corpomting much of the signal tram+ 
mission lines and passive com- 
ponents as well as bias and control 
lineswe have developed a wire bond 
ing technology Ibr coplanar lines 
wbichtesultsinlessthan1dBlosslbr 
short bonds. For longer bondwires, 
compenx&on networks have been 
designedwhichmducethelossftom 
4toldBo=ralatgeltiequencynmge, 
asikstmmdinHgure4,whetethe 
upper in-on is compensat- 
edwhilethelowerisnot. 
Another technique of connecting 
MMICs with a common substrate, 
containing RF and DC supply lines, is 
the flip-chip technology. The bond 
wires ate teplaced by very short 
bumps, and the MMIC chip is mount- 
edfacedownonthesubstmm.Thein- 
temonnectlon losses ate well below 
1dBbecauseoftheveryshortlength 
of the bumps. We have invxx@ted 
this type of connection for coplanar 
lines and achieved insertion losses be- 
low 1 dBwithmturnlossesof 15dB, 
using a bump height of 25 pm. 
Active millimetre 
wave circuits 
A number of clmuits have been devel- 
opedatIAPlbr94GHzsystemappl& 
cationsAll designs ate based on the 
ptesent PM-I-EMT technology on 
Ga& &snates, with 0.15 pm gates. 
lhefinalgoalisfullyin~multi- 
functionalMMICsofminimalama 
and thus low cost. 
Low noise MMICs are required 
for all receiving systems. The het- 
erofield effect transistor is the on- 
ly device providing noise figures of 
36 dB in the 94 GHz range. 
Using single gate PM-HEMTs, 
multistage low noise amplifiers 
(LNAs) have been developed for 
onnnected chips is 400 pm. 
W-band applications. A two-stage 
common source amplifier, provid- 
ing 9 dB of gain at 94 GHz, is 
shown in Figure 5, occupying a 
chip area of 1 x 2 mm2. With the 
present technology, 28 dB gain 
and 6 dB noise figures were 
obtained at 94 GHz with a five- 
stage amplifier. 
Theamasavingadvantageofthe 
cascade amplifier is demonsnated in 
Figure6,wheteatw~dualgate 
cascodeLNA,havinganaleaofonly 
1 x 1.5 mm2 and a gain of 20 dB at 
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94 GHz is shown.A di&ent version 
of this amplifier yiekled 20 d8 of gain 
at 1lOGHz [l]. 
In addition to low noise and high 
gain amplifiers, millimette-wave sys 
tems require medium power ampli- 
fiers with output powers in the 
10100 mW mnge for mixers and 
uansmitters. A two-stage medium 
power amplifier (MPA) has been de- 
signed and fabricated in coplanar 
technology, achieving a small-signal 
gain of 7.5 dB and a P_r dB output 
power of 7.8 dBm (6 mW) at 92 GI-Iz. 
The saturated power output was 
more than 13 dBm (20 mW). 
Other important components of 
hetemdyne systems ate mixers. 
using our HEMT%echnollog, diodes 
and FIX’s are available as non-linear 
devices. Active and passive mixers 
have been investigated for conver- 
sion gain, local oscillator (LO) power 
requitement, noise figtue, bandwidth 
and intermodulation distortion. ‘Iwo 
typesofmixemhavebeenRalized 
lbr 94 GI-Iz systems,a balanced diode 
mixer with a tat-tace coupler and a 
single-ended n&stive mixer. For 
1OmW of IOpower the balanced 
diode mixer had a conversion loss of 
11dB.Thet&stivemixerhadacon- 
versionkxsof 14dBlbranI@xxver 
ofonly2mW 
Figure 7 shows the design of a 
94 GHz voltage controlled oscilla- 
tor (VCO), another major compo- 
nent of a heterodyne system. The 
oscillator includes a two-stage 
buffer amplifier for stability 
and increased power output. 
The oscillator is electrically tun- 
able with gate voltage, and has a 
tuning range of several GHz at an 
36 
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output power of 6 mW The noise 
performance is better than 
- 67 dBc/Hz at 1 MHz from the car- 
rier.The realized MMIC has a chip 
size of 2.5 x 1 mm*.The oscillator 
shown has a novel feature for coarse 
tuning of the frequency The effec- 
tive length of the source resonator 
lines is adjustable by removing a set 
of airbridges. In this way, the oscilla- 
tion l?equency can be adjusted be- 
tween 87 and 105 GI-Iz in several 
discrete steps. 
Switches are frequently re- 
quired components in microwave 
systems. In an active phased array 
radar system, they are used to 
switch the antenna or the phase 
shifter. Other applications are in 
Dicke-switched radiometers, in 
multibeam automotive radar sys- 
tems, and in receiver protection 
systems. Switches have been dev- 
eloped at the IAF for several of 
the applications listed above.An ex- 
ample of a single pole double 
throw @PDT) switch for 7694 GHz 
operation is shown in Figure 8, 
while its performance is given ln 
Figure 9. 
‘Iwo types of receivers are be- 
ing developed for the low atmos 
pheric absorbtion window around 
94 GI-Iz, the heterodyne and the di- 
rect detection receiver.The hetero 
dyne receiver consists of an RF 
amplifier, a mixer and a local oscil- 
lator.The direct detection receiver 
consists of a number of cascaded 
RF amplifiers and a detector. 
System requirements genemlly call 
for low noise, which is primarily 
determined by the first amplifier 
stage. Noise figures of 6 dB are 
Figure 8. A 94 GHz coplanar SPOT switch. 
( o.c’. . , . . . . , . . . . , . , , . , . . . .,o 
70 80 90 1M) 110 120 
frequency [GHrl 
Figure 9. Switch losses and isolation of 
94 GHz coplanar SPOT switch. 
Figure 10. THlochannel94 GHz hetemdyne receiver MMlC (chip size 2 x 4 mf+). 
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being obtained with the present 
PM-HEMT technology. 
As an example of the degree of 
integration and the compactness 
obtained with our coplanar tech- 
nology, a dual channel 94 GHz 
heterodyne receiver chip was de- 
veloped (Figure 10). ‘Iwo receiv- 
ing channels each containing a 
two-stage cascade amplifier hav- 
ing 20dB of gain, a balanced diode 
rat-race mixer with 10 dB conver- 
sion loss, and a one-stage cascade 
buffer amplifier with 10 dB gain 
in the LO path. A Wilkinson di- 
vider splits the incoming LO pow- 
er. The conversion gain of the 
MMIC is 10 dB, the noise figure 
6.5dB, and the power consump- 
tion 0.25 W per channeLThe total 
chip size is 2x4 mm2. 
Millimetre wave 
modules 
Modules have also been devel- 
oped for 94 GHz system applica- 
tions. The fully integrated 
coplanar dual channel receiver 
MMIC, shown in Figure 10, has 
been incorporated into a 1.5 ,x 
6x 10 cm3 waveguide package, as 
illustrated in Figure 11. Three 
waveguide ports are visible, two 
for the vertically and horizontally 
polarized RF signals, and one for 
the local oscillator power. Bias is 
provided through a miniature 
connector. The two IF signals are 
coupled out through 3.5 mm con- 
nectors. Quartz microstrip lines 
run from the chip to the wave- 
guides. Connections from the 
chip to the quartz are made, using 
our three-wire coplanar bonding 
method, which results in only 
about a 1 dB loss. Discrete lo-100 
pF chip capacitors are wire bond- 
ed into the bias circuits. Commer- 
cial GaAs low-noise IF amplifiers 
were used in the module. The 
power consumption of the entire 
module is 1 W 
The performance of the mod- 
ule is shown in Figure 12, where a 
maximum conversion gain of 
about 30 dB is obtained. The 
38 
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Figure 11. A 94 GHz dual channel hetemdyne receiver incorporated in its waveguide 
package. 
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Figure 12. The peribrmance of the 94 GHz dual channel heterodyne receiver module. 
noise figure is about 6-7 dB, and 
the dynamic range about 60 dB. 
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